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We present predictions for the γ∗N → N∗ helicity amplitudes, where N∗ is a member of the
[70, 1−] supermultiplet. We combine the results from the single quark transition model for the
helicity amplitudes with the results of the covariant spectator quark model for the γ∗N → N∗(1535)
and γ∗N → N∗(1520) transitions. The theoretical estimations from the covariant spectator quark
model are used to calculate three independent functions A,B, and C of Q2, where Q2 = −q2 and
q is the momentum transfer. With the knowledge of the functions A,B, and C we estimate the
helicity amplitudes for the transitions γ∗N → N∗(1650), γ∗N → N∗(1700), γ∗N → ∆(1620), and
γ∗N → ∆(1700). The analysis is restricted to reactions with proton targets. The predictions for
the transition amplitudes are valid for Q2 > 2 GeV2.
I. INTRODUCTION
One of the challenges of modern physics is the descrip-
tion of the internal structure of the hadrons. It is believed
that the substructure of the the hadrons in general and
the nucleon and the nucleon resonances in particular, are
ruled by Quantum Chromodynamics (QCD), in terms
of quark and gluon degrees of freedom. Although QCD
can be useful for reactions at high Q2, it becomes more
complex at low and intermediate Q2, which restrains the
theoretical predictions for that range [1, 2]. Therefore
in practice to obtain predictions for small Q2 one has
sometimes to rely on effective degrees of freedom as the
constituent quarks.
The quark substructure of a baryon can in first approx-
imation be classified in terms of the SU(6) spin-flavor
symmetry, combined with the O(3) group for radial and
rotational excitations. In that framework the spin 1/2
baryons, including the nucleon, and the spin 3/2 baryons
can be classified in supermultiplets [SU(6), LP ] char-
acterized by angular momentum (J), quark total spin
(S = 1/2, 3/2), orbital angular momentum (L) and par-
ity (P ). In the notation [SU(6), LP ], SU(6) represents
the number of particles of the multiplet (including all
spin projections). Then the nucleon (JP = 1
2
+
) is part
of the [56, 0+] supermultiplet and the states N∗(1535)
(JP = 1
2
−
), also represented by S11(1535), and N
∗(1520)
(JP = 3
2
−
), also represented by D13(1520) are part of the
[70, 1−] supermultiplet [3].
The use of the SU(6)⊗ O(3) group [3, 4] to represent
the wave functions of a baryon (three-quark system) com-
bined with the electromagnetic interaction in impulse ap-
proximation leads to the so-called single quark transition
model (SQTM) [5–7]. Here, single means that only one
quark couples with the photon (impulse approximation).
In these conditions the SQTM can be used to parametrize
the transition current between two supermultiplets, in
an operational form that includes only four independent
terms, with coefficients exclusively dependent of Q2.
In particular, the SQTM can be used to parametrize
the γ∗N → N∗ transitions, where N∗ is a nucleon
(isospin 1/2) or a ∆ (isospin 3/2) excitation from the
[70, 1−] supermultiplet, in terms of three independent
functions of Q2: A,B, and C [1, 5–8]. The relation
between the functions A,B, and C and the amplitudes
are presented in Table I. In the table, besides the tran-
sitions γ∗N → S11(1535) and γ∗N → D13(1520), one
has expressions for the transitions γ∗N → S11(1650),
γ∗N → D13(1700), γ∗N → S31(1620), and γ∗N →
D33(1700). Once the coefficients A,B, and C are de-
termined it is possible to predict the transition helicity
amplitudes for all the resonances from the [70, 1−] super-
multiplet. The relations presented in the table are based
in the exact SU(6) spin-flavor symmetry broken by the
color-hyperfine interaction between quarks. That inter-
action leads to the configuration mixing between various
baryon states characterized by some mixing angles, es-
timated from hadron decays [1, 3, 4, 7]. Note however,
that as the SQTM is based exclusively on the valence
quark degrees of freedom, we should not expect a good
description of the reactions at low Q2, where meson cloud
effects may be very important [1, 2, 8–14]. Calculations
for the same helicity amplitudes using quark models can
be found in Refs. [1, 8, 9, 15–26].
The covariant spectator quark model was applied in
the past to the electromagnetic structure of the nucleon
[27] and the S11(1535), D13(1520) excitations [28, 29].
The determination of the transition helicity amplitudes
are based mainly on the valence quark content, but some
information about additional effects like the meson cloud
dressing can be inferred from the formalism. One can
then use the results from the covariant spectator quark
model for the A1/2 amplitude in the S11(1535) transi-
2tion and the two transverse amplitudes (A1/2 and A3/2)
in the D13(1520) transition, to calculate A,B, and C.
Note, however, that because the valence quark effects
are dominant only at large Q2, the results are accurate
only in that region. Based on the results of the covari-
ant spectator quark model for the γ∗N → S11(1535) and
γ∗N → D13(1520) transitions we estimate that the pre-
dictions of the model should be accurate for the Q2 > 2
GeV2 region.
As the covariant spectator quark model breaks the
SU(2)-isospin symmetry, the use of that model to cal-
culate the functions A,B, and C from the SQTM has
to be understood as an approximation, with a degree of
error proportional to the percentage of the SU(2) break-
ing. As consequence the estimation for neutral reactions
(with neutron targets) will be less reliable, since in the
covariant spectator quark model those reactions depend
significantly of the SU(2) breaking. For instance, the
neutron electric form factor would vanish if the SU(2)
symmetry breaking was not considered [27].
The article is organized as follows: In the next section
we present the relations between the γ∗N → N∗ ampli-
tudes for the N∗ resonances of the [70, 1−] supermultiplet
and the functions A,B, and C, according to the SQTM.
In Sec. III we discuss the formalism of the covariant spec-
tator quark model. The expressions of the covariant spec-
tator quark model for the S11(1535) and D13(1520) ex-
citations are presented in Sec. IV. The numerical results
for the [70, 1−] amplitudes are presented in Sec. V. The
summary and the conclusions are in Sec. VI.
II. DETERMINATION OF THE FUNCTIONS
A,B, AND C
The expressions for the γ∗N → N∗ amplitudes for a
N∗ resonance from the [70, 1−] supermultiplet calculated
by the SQTM [7, 8] are presented in Table I. For the
mixing angles we use the values from Ref. [7]: θS = 31
◦
and θD = 6
◦. Since the SQTM estimates are derived from
the interaction of quarks with transverse photons there
are no estimates for the amplitudes S1/2 [7]. Using the
table, we can write in particular for the S11(1535) (label
S11) and D13(1520) (label D13) cases:
AS111/2 =
1
6
(A+B − C) cos θS , (2.1)
and
AD131/2 =
1
6
√
2
(A− 2B − C) (2.2)
AD133/2 =
1
2
√
6
(A+ C), (2.3)
where in the last expressions we approximate cos θD =
0.99→ 1.
State Amplitude
S11(1535) A1/2
1
6
(A+B −C) cos θS
D13(1520) A1/2
1
6
√
2
(A− 2B − C) cos θD
A3/2
1
2
√
6
(A+ C) cos θD
S11(1650) A1/2
1
6
(A+B − C) sin θS
S31(1620) A1/2
1
18
(3A−B + C)
D13(1700) A1/2
1
6
√
2
(A− 2B −C) sin θD
A3/2
1
2
√
6
(A+C) sin θD
D33(1700) A1/2
1
18
√
2
(3A+ 2B + C)
A3/2
1
6
√
6
(3A− C)
TABLE I: Amplitudes A1/2 and A3/2 estimated by SQTM
for the proton targets (N = p). The angle θS is the mixing
angle associated with the S11 states (θS = 31
◦). The angle θD
is the mixing angle associated with the D13 states (θS = 6
◦).
From the previous relations, we obtain
A = 2
AS11
1/2
cos θS
+
√
2AD131/2 +
√
6AD133/2 (2.4)
B = 2
AS11
1/2
cos θS
− 2
√
2AD131/2 (2.5)
C = −2
AS11
1/2
cos θS
−
√
2AD131/2 +
√
6AD133/2 . (2.6)
An interesting approximation is the case AD13
3/2 ≃ 0.
From Eq. (2.3) we conclude that the approximation is
equivalent to A+C ≃ 0, or C ≃ −A, reducing the number
of functions to be determined to only 2 (A and B). In
the case AD13
3/2 ≃ 0, we obtain then
AS111/2 ≃
1
6
(2A+B) cos θS , (2.7)
AD131/2 ≃
√
2
6
(A−B). (2.8)
The study of the γ∗N → D13(1520) transition sug-
gests that the amplitude A3/2 falls off faster than A1/2
with Q2, justifying the approximation A3/2 ≃ 0 for large
Q2 [29]. In the covariant spectator quark model, in par-
ticular AD13
3/2 ≈ 0 when the meson cloud effects are not
included. Therefore, in that model the results for AD13
3/2
are interpreted as the exclusive consequence of the me-
son cloud effects. However, the falloff of A3/2 is slow
when compared with the typical falloff from the meson
cloud effects [29]. In order to check if our estimate can
be improved in this paper we include also a parametriza-
tion for the amplitude AD13
3/2 , which simulates the meson
cloud effects.
3III. COVARIANT SPECTATOR QUARK
MODEL
In the covariant spectator quark model, baryons are
treated as three-quark systems. The baryon wave func-
tions are derived from the quark states according to the
SU(6)⊗O(3) symmetry group. A quark is off-mass-shell,
and free to interact with the photon fields, and other two
quarks are on-mass-shell [13, 27, 30, 31]. Integrating over
the quark-pair degrees of freedom we reduce the baryon
to a quark-diquark system, where the diquark can be
represented as an on-mass-shell spectator particle with
an effective mass of mD [27, 29–31].
The electromagnetic interaction with the baryons is
described by the photon coupling with the constituent
quarks in the relativistic impulse approximation, and the
quark electromagnetic structure is represented in terms
of the quark form factors parametrized by a vector me-
son dominance mechanism [27, 31, 32]. The parametriza-
tion of the quark current was calibrated in the studies
of the nucleon form factors [27], by the lattice QCD
data for the decuplet baryons [31], and encodes effec-
tively the gluon and quark-antiquark substructure of the
constituent quarks.
The quark current has the general form [27, 31]
jµq (Q
2) = j1(Q
2)γµ + j2(Q
2)
iσµνqν
2M
, (3.1)
where M is the nucleon mass and ji (i = 1, 2) are the
Dirac and Pauli quark form factors. In the SU(2)-flavor
sector the functions ji can also be decomposed into the
isoscalar (fi+) and the isovector (fi−) components
ji(Q
2) =
1
6
fi+(Q
2) +
1
2
fi−(Q2) τ3, (3.2)
where τ3 acts on the isospin states of baryons (nucleon or
resonance). The details can be found in Refs. [13, 27, 31].
Since the quark current includes a Pauli term, the quarks
have nonzero anomalous magnetic moment (κq) in the
present formalism.
In the study of inelastic reactions (the final state has
a mass different from the initial state) we replace γµ →
γµ− 6qqµq2 in Eq. (3.1). This procedure is equivalent to the
use of the Landau prescription in the transition current
and ensures the conservation of the transition current
between the baryon states [33–35]. The term restores
current conservation but does not affect the results of
the observables [33].
When the nucleon (ΨN) and the final resonance R
(ΨR), where R stands for a N
∗ nucleon resonance, wave
functions are written in terms of the single quark and
quark-pair states, the transition current can be written
in the relativistic impulse approximation [27, 30, 31] as
Jµ = 3
∑
Γ
∫
k
Ψ¯R(P+, k)j
µ
qΨN (P−, k), (3.3)
where P−, P+, and k are the nucleon, the resonance, and
the diquark momenta respectively. In the previous equa-
tion the index Γ labels the possible states of the interme-
diate diquark, the factor 3 takes account of the contribu-
tions from the other quark pairs by the symmetry, and
the integration symbol represents the covariant integra-
tion over the diquark on-mass-shell momentum.
In the calculation of the transition current it is con-
venient to project the states on the isospin symmetric
components (label S) or the isospin antisymmetric com-
ponents (label A). We can define then, the Q2 dependent
coefficients
jAi =
1
6
f1+ +
1
2
f1−τ3 (3.4)
jSi =
1
6
f1+ − 1
6
f1−τ3. (3.5)
See Refs. [13, 27, 31] for more details. For future discus-
sion we note that
jAi +
1
3
jSi =
2
9
(fi+ + 2fi−τ3). (3.6)
Using Eq. (3.3), we can express the transition current
in terms of the coefficients jA,Si and the radial wave func-
tions ψN and ψR [27–29]. The radial wave functions are
scalar functions that depend on the baryon and diquark
momenta. Those functions parametrize the momentum
distributions of the quark-diquark systems. From the
transition current we can extract the form factors and
the helicity transition amplitudes, defined in the rest
frame of the resonance (final state), for the reaction un-
der study [1, 2, 28, 29].
As mentioned, the representation of the quark cur-
rent in terms of a vector meson dominance parametriza-
tion [13, 27, 31] simulates in an effective way the internal
structure of the constituent quarks, including the meson
cloud dressing of the quarks. There are however some
processes such as the meson exchanged between the dif-
ferent quarks inside the baryon, which cannot be reduced
to simple diagrams with quark dressing. Those processes
are regarded as arising from a meson exchanged between
the different quarks inside the baryon and can be clas-
sified as meson cloud corrections to the hadronic reac-
tions [13, 14, 29].
The covariant spectator quark model was already ap-
plied to the ∆(1232) system [36, 37], to some nucleon res-
onances like the Roper, N∗(1520), N∗(1535), N∗(1710)
and ∆(1600) [28, 29, 38, 39] and several reactions with
strange baryons [14, 40, 41].
In the present work the necessary input from the co-
variant spectator quark model is the transition form fac-
tors (that can be rewritten as helicity amplitudes) for the
γ∗N → N∗ transitions with N∗ = S11(1535), D13(1520).
The γ∗N → S11(1535) and γ∗N → D13(1520) transi-
tions were analyzed in Refs. [28, 29]. In those papers
we used the parametrization of the nucleon system given
by Ref. [27], which requires two parameters to describe
the radial wave function ψN , and the parametrization of
4the quark current described below. In order to obtain
a complete representation of the systems S11(1535) and
D13(1520), one has to define convenient radial wave func-
tions that ensures the orthogonality between those wave
functions with the nucleon wave function. The subject is
discussed in the Appendix. for the S11(1535) case, and
in Ref. [29] for the D13(1520) case. In simple words we
can say that we define the N∗ radial wave functions with
the same long range parametrization as the nucleon and
define a new short range parameter for each resonance.
Therefore, we add to the model of the nucleon one new
parameter for resonance. For the case of the D13(1520),
we include a simple parametrization of the meson cloud,
as discussed in Ref. [29], in order to reproduce the am-
plitude A3/2.
IV. PARAMETRIZATION OF S11(1535) AND
D13(1520) AMPLITUDES
We will discuss now the parametrizations of the ampli-
tudes associated with the γ∗N → S11(1535) and γ∗N →
D13(1520) transitions. To distinguish between the two
cases we will use the label S (or S11) for the S11 state,
and the label D (or D13) for the D13 state. Then MS
represents the S11 mass (≈ 1.535 GeV) and MD repre-
sents the D13 mass (≈ 1.520 GeV). The details of the
structure of those systems can be found in Refs. [28, 29].
Here we will discuss only the main features of those tran-
sitions.
For the γ∗N → S11(1535) we consider the calculation
from Ref. [28], developed for the high Q2 region, that
we extend in the present work also to the low Q2 re-
gion. The details are presented in the Appendix. Recall
that the S11(1535) state is described in the present model
using exclusively the valence quark degrees of freedom.
The interesting properties of the S11(1535) amplitudes
are also discussed in Refs. [41, 42].
For the γ∗N → D13(1520) transition we use the model
from Ref. [29], particularly for the valence quark con-
tributions. Since one of the amplitudes (A3/2) vanishes
in the covariant spectator quark model formalism, when
only the valence quark contributions are taken into ac-
count, we investigate also the impact of considering a
meson cloud parametrization for that amplitude.
A. Resonance S11(1535)
The electromagnetic structure of the γ∗N → S11(1535)
transition can be parametrized by two independent form
factors F ∗1 and F
∗
2 [28, 42]. The experimental data sug-
gests that F ∗2 ≃ 0 for large Q2, more specifically for
Q2 > 1.5 GeV2. As for the F ∗1 , the data are well de-
scribed by the covariant spectator quark model. Com-
bining both results, for large Q2 we can calculate A1/2
using
A1/2 = −
√
2
3
FS (f1+ + 2f1−τ3) IS11 cos θS , (4.1)
where
IS11(Q2) =
∫
k
kz
|k|ψS11(P+, k)ψN (P−, k), (4.2)
and
FS = 2e
√
(MS +M)2 +Q2
8M(M2S −M2)
. (4.3)
In the previous equations IS11 gives an integral defined
in the S11 rest frame, but it can also be written in a
covariant form [28]. In the S11 rest frame one has P+ =
(MS , 0, 0, 0) and P− = (
√
M2 + |q|2, 0, 0,−|q|), where
|q| is the magnitude of the photon three-momentum.
As mentioned already, the experimental result for F ∗2
vanishes for Q2 > 1.5 GeV2 [28]. This can be inter-
preted as a consequence of the cancellation between va-
lence quark and meson cloud effects [28, 41, 42]. There-
fore, although the estimate from the valence quark contri-
bution is nonzero, if we want to estimate the final result
for F ∗2 , the best approximation is F
∗
2 = 0. A consequence
of the previous result is that we obtain the best estimate
for A1/2 when we neglect F
∗
2 in the calculations.
At the moment we discuss the S11(1535) state under
the assumption that the contributions with core spin 1/2
(core spin is the sum of the quark spins), are the more
important components of the wave function (contribu-
tions proportional to cos θS). However, the S11(1535)
state has also contributions from states with core spin
3/2 (proportional to sin θS). Those contributions were
not calculated at the moment in the context of the co-
variant spectator quark model framework, although that
can be done in the future, using the formalism developed
in Ref. [29].
As we did not include the possible effects of the core
spin 3/2 component, it may happen that we are underes-
timating the magnitude of the amplitude A1/2. However,
the explicit inclusion of those effects would also reduce
the previous result from the spin 1/2 component from
Ref. [28], since we need to correct that value by cos θS ,
because the limit cos θS = 1 was used in that work. To
accommodate the core spin 3/2 components in an effec-
tive way we simply take Eq. (4.1) with cos θS = 1. Future
calculations can test the previous assumption. However,
for the propose of the present work we did not expect that
the results would be significantly affected by the explicit
inclusion of the terms with sin θS , which are omitted in
the present calculation.
5B. Resonance D13(1520)
The valence quark contributions for the γ∗N →
D13(1520) form factors can be written as [29]
GM =
1
3
√
3
M
MD −M
√
(MD −M)2 +Q2
(MD +M)2 +Q2
×
[
(f1+ + 2f1−τ3) +
MD +M
2M
(f2+ + 2f2−τ3)
]
ID13,
(4.4)
GE = −GM , (4.5)
where
ID13(Q2) =
∫
k
kz
|k|ψD13(P+, k)ψN (P−, k). (4.6)
The expression for the Coulomb quadrupole form fac-
tor GC is not relevant for the present work, since the
SQTM expressions do not apply to the S1/2 ampli-
tude. Also, in the last case the integral is represented
in the resonance D13 rest frame: P+ = (MD, 0, 0, 0) and
P− = (
√
M2 + |q|2, 0, 0,−|q|), where |q| is the magni-
tude of the photon three-momentum.
From the form factors, we can calculate the helicity
amplitudes, using [29]
A1/2 = FD GM +
1
4
FD G
pi
4 (4.7)
A3/2 =
√
3
4
FD G
pi
4 (4.8)
where
FD =
e
M
√
MD −M
MD +M
√
(MD +M)2 +Q2
2M
. (4.9)
In the Eqs. (4.7)-(4.8), Gpi4 is a new function, which van-
ishes if only the valence quark contributions are consid-
ered, but that can be used to parametrize the pion and
other meson cloud effects.
The fit to the A3/2 data gives
Gpi4 = 1.354
(
Λ24
Λ24 +Q
2
)3
Fρ, (4.10)
where Λ24 = 20 GeV
2. The function Fρ is defined as
Fρ =
m2ρ
m2ρ +Q
2 + 1pi
Γ0
ρ
mpi
Q2 log Q
2
m2
pi
. (4.11)
In the last expression, mρ and mpi are the ρ and pion
mass, respectively and Γ0ρ = 0.149 GeV [29].
Note that the parametrization of the amplitude A3/2
given by Eqs. (4.8) and (4.10) is in the region Q2 = 5–
10 GeV2, dominated by the function Fρ ∝ 1/(Q2 logQ2)
due to the large cutoff (Λ24 = 20 GeV
2) in the tripole
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FIG. 1: Results for the γ∗p → S+
11
(1535) amplitude A1/2. Data-
points from CLAS [44] and JLab/Hall C [45].
factor. Therefore in the intermediate Q2 region, A3/2
shows a slow falloff, contrary to what we would expect
from a meson cloud contribution.
It is worth mentioning that other quark models predict
nonzero contributions for the amplitude A3/2 [15–20, 22–
25]. However, those estimates are small in general, and
about 20-40% of the measured values [15, 18–20, 22–25].
Those results can be interpreted as an indication that
the meson cloud effects are the dominant contribution
for the amplitude A3/2, as assumed in Ref. [29] in the
context of the covariant spectator quark model. Also the
results of the Excited Baryon Analysis Center (EBAC)
coupled-channel reaction model supports the idea that
the meson cloud effects are the dominant contribution
for the amplitude A3/2 [43].
V. RESULTS
We will present the results in the following way: First
we show the results from the covariant spectator quark
model for the γ∗N → S11(1535) and γ∗N → D13(1520)
amplitudes. Next we calculate the functions A,B, and C
using the expressions derived in Sec. II. Finally we use the
functions A,B, and C to estimate the amplitudes A1/2
and A3/2 for the remaining electromagnetic transitions.
A. Model for the γ∗N → S11(1535) and
γ∗N → D13(1520) amplitudes
The results of amplitude A1/2 for the γ
∗N →
S11(1535) transition, given by Eq. (4.1), are presented
in Fig. 1. The deviation between model and data at low
Q2 can be the consequence of the meson cloud not in-
cluded in the model. For the S1/2 there are evidences
that it is correlated with A1/2 at large Q
2 [42].
The results of the amplitudes A1/2 and A3/2 relative
for transition γ∗N → D13(1520) are presented in Fig. 2.
For the amplitude A1/2, given by Eq. (4.7) we consider
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FIG. 2: Results for the γ∗p → D+
13
(1520) amplitudes A1/2 and
A3/2. Data from CLAS [44, 46] and PDG [47].
only the valence quark contributions given by Eq. (4.4)
and drop the term Gpi4 . As for A3/2, since the valence
quark contributions vanishes (in the limit sin θD → 0),
we present the result obtained by the parametrization of
the meson cloud given by Eq. (4.8).
From Figs. 1 and 2 we may conclude that one has a
good description of the data (about two standard devia-
tions) for the γ∗N → N∗(1535) transition when Q2 > 2.5
GeV2 and for the γ∗N → N∗(1520) transition when
Q2 > 1.5 GeV2. We may then say that the covariant
spectator quark model is reliable for Q2 > 2 GeV2.
B. Calculation of A,B, and C
In the calculation of the coefficients A,B, and C we
consider two different approximations:
• Model 1: we use the approximation AD13
3/2 ≡ 0,
based on Eqs. (2.7)-(2.8), and calculate the two in-
dependent functions (A and B). The results are
represented by a dashed line. In this case only va-
lence quark degrees of freedom are considered.
• Model 2: we include the parametrization of the
meson cloud effects for the amplitude AD13
3/2 given
by Eq. (4.10), and calculate the three coefficients
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0
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FIG. 3: Coefficients A,B, and C for the model 1 (dashed line),
model 2 (solid line), according to Eqs. (2.4)-(2.6). For model 1,
C = −A. B is the same in both models.
using Eqs. (2.4)-(2.6). The results are represented
by a solid line.
The results for coefficients A,B, and C are presented
in Fig. 3 for model 1 (dashed line) and model 2 (solid
line).
Note that the function B is the same for both models,
since it is independent of AD13
3/2 [see Eq. (2.5)]. For future
discussion we note also that the difference A− C is also
the same in both models [see Eqs. (2.4) and (2.6)]. From
Table I we may then conclude that the amplitudes A1/2
will be the same for both models for the cases S11(1650)
and D13(1700).
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FIG. 4: Amplitudes for the γ∗p → S+
11
(1650) and γ∗p →
D+
13
(1700) transitions. Model 1 (dashed line) and model 2 (solid
line). CLAS data from Refs. [48, 49], MAID data from Refs. [51, 52]
and PDG data from Ref. [47].
C. γ∗N → N∗ amplitudes
Using the parametrization from the SQTM of the am-
plitudes A1/2 and A3/2 given in Table I, and the results
of the coefficients A,B, and C presented in Fig. 3, we
can calculate the amplitudes for the transitions γ∗N →
N∗(1650), γ∗N → N∗(1700), γ∗N → ∆(1620), and
γ∗N → ∆(1700), relative to the reactions with proton
targets. We recall that the range of application of the
model is Q2 > 2 GeV2.
We compare our results with the CLAS data from
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FIG. 5: Amplitudes for the γ∗p → S+
31
(1620) and γ∗p →
D+
33
(1700) transitions. Model 1 (dashed line) and model 2 (solid
line). CLAS data from Refs. [48, 49], MAID data from Refs. [51, 52]
and PDG data from Ref. [47].
Refs. [48, 49], labeled as CLAS-1; preliminary data from
CLAS, labeled as CLAS-2 [2, 50]; MAID data [51, 52],
and PDG data for Q2 = 0 [47]. The CLAS-1 data include
data at the photon point [49] (single pion production)
and at Q2 = 0.65 GeV2 (double pion production) [48].
Not included are the data from Refs. [7, 53] composed
by single pion production only and results presented in
proceedings, conferences, and workshops.
The estimates based on the SQTM formalism for the
helicity amplitudes relative to the γ∗N → S11(1650) and
γ∗N → D13(1700) transitions are presented in Fig. 4.
In the figure, models 1 and 2 for the amplitudes A1/2
8are indistinguishable because A−C is the same for both
models, as discussed previously. The amplitude A3/2 for
the γ∗N → D13(1700) transition, vanishes in model 1,
because A + C = 0 in that case (by construction). We
may conclude then that model 1 is insufficient to describe
the data. For that reason and also because of the results
for the γ∗N → D13(1520) transition in the following we
favor model 2.
From the graph for the γ∗N → S11(1650) transition
we conclude that both models have the same magnitude
as the data, although the MAID data have very small
errorbars. As for the γ∗N → D13(1700) transition, one
cannot draw too many conclusions, since there are no
data available for large Q2, except that our estimate for
model 2 is close to the datapoint from CLAS-1 for A3/2,
and it is possible that model 2 can provide a good esti-
mate for larger Q2. For the amplitude A1/2 the model
underestimate in absolute value the data at low Q2.
The results for the γ∗N → S31(1620) and γ∗N →
D33(1700) transitions are presented in Fig. 5. For the
γ∗N → S31(1620) we conclude that the model 1 gives
the wrong sign and magnitude for the A1/2 amplitude.
As for the γ∗N → D33(1700), model 1 approaches the
results from model 2 when Q2 increases. Back to the
γ∗N → S31(1620) transition we conclude that model 2 is
close to the data for Q2 > 1 GeV2 and underestimates
the MAID data by about 1-2 standard deviations, since
the errorbars are very small. For the γ∗N → D33(1700)
transition, we cannot conclude much, because there are
no data for Q2 > 1.5 GeV2, except that both models are
close to the CLAS-2 data for Q2 > 1 GeV2, and therefore
they may be used to make projections for higher Q2.
In order to check the predictions shown in Figs. 4 and
5, new data on the resonances with masses above 1.6
GeV are needed for Q2 > 2 GeV2, where the estimate for
quark core contributions can be confronted to the data.
The data on double charged pion electroproduction for
Q2 = 2–5 GeV2 expected from the experiments with the
CLAS detector, will allow us for the first time to explore
most of the resonances in a mass range up to 2.0 GeV for
Q2 < 5 GeV2 [55].
D. Parametrization for high Q2
In order to facilitate the comparison with future exper-
imental data, we derived simple analytic approximations
for our numerical results at large Q2. Based in the ex-
pected largeQ2 behavior: A1/2 ∝ 1/Q3 and A3/2 ∝ 1/Q5
[54], we choose for large Q2, the forms
A1/2(Q
2) = D
(
Λ2
Λ2 +Q2
)3/2
(5.1)
A3/2(Q
2) = D
(
Λ2
Λ2 +Q2
)5/2
. (5.2)
In the previous expressions D is a coefficient and Λ a
cutoff that depend on the amplitude (A1/2 or A3/2) and
State Amplitude D(10−3GeV−1/2) Λ2(GeV2)
S11(1650) A1/2 68.90 3.35
S31(1620) A1/2 ... ...
D13(1700) A1/2 −8.51 2.82
A3/2 4.36 3.61
D33(1700) A1/2 39.22 2.69
A3/2 42.15 8.42
TABLE II: Parameters from the high Q2 parametrization,
according to Eqs. (5.1)-(5.2).
transition. We note however that these parametrizations
are valid for a restricted region of Q2, since in the co-
variant spectator quark model the form factors and am-
plitudes are affected by logarithm corrections in Q2 for
large Q2 [28, 29, 36].
All amplitudes, except for the γ∗N → S31(1620)
transition, are well described by the analytic forms of
Eqs. (5.1)-(5.2). The numerical results for D and Λ2 are
presented in Table II. The parameters were calculated in
order to reproduce the results from model 2 exactly for
Q2 = 5 GeV2, but they also provide good approximations
for values of Q2 up to 10 GeV2, or even larger.
We found out that the amplitude A1/2 for the tran-
sition γ∗N → S31(1620) cannot be approximated by
Eq. (5.1), in particular by the power 3/2. The falloff
of that amplitude is consistent with a stronger falloff. In
order to interpret that result we start noting that we can
write, using Table I and Eqs. (2.4)-(2.6),
AS311/2 ∝
(
2
AS11
1/2
cos θS
+ 4
√
2AD131/2 + 4
√
6AD133/2
)
. (5.3)
If the amplitudes AS11
1/2 , A
D13
1/2 ∝ 1/Q3, as expected, the
deviation from AS31
1/2 from 1/Q
3 is a consequence of a
partial cancellation between the two amplitudes A1/2
in Eq. (5.3). This interpretation makes sense because
those amplitudes have different signs (see Figs. 1 and 2).
Due to the cancellation between the leading order term
O(1/Q3) of the first two terms, AS31
1/2 is dominated by the
second order terms and the amplitude AD13
3/2 . A simple
empirical parametrization of the amplitude in units of
10−3 GeV−1/2 is AS31
1/2 = 77.21
(
Λ
2
Λ2+Q2
)5/2
, with Λ2 = 1
GeV2.
VI. SUMMARY AND CONCLUSIONS
In this work we combined the features of the covariant
spectator quark model and the single quark transition
model to predict the transition amplitudes A1/2, A3/2
for the transitions γ∗N → S11(1650), γ∗N → D13(1700),
9γ∗N → S31(1620), and γ∗N → D33(1700). The reso-
nances in the final state are all members of the [70, 1−] su-
permultiplet. We follow the method used in Refs. [1, 7, 8],
but we use a theoretical model (quark model) to extract
the characteristic coefficients associated with the tran-
sition, instead of the experimental data, which are con-
taminated by meson cloud effects at small Q2.
Since the covariant spectator quark model and the
SQTM are based in the valence quark degrees of free-
dom, the range of application of the models is the region
of intermediate and high Q2. In the present case we
may define that region as Q2 > 2 GeV2, based on the
results for the transitions used in the calibration of the
SQTM model. The region Q2 > 2 GeV2 is where meson
cloud effects are expected to play a minor role. How-
ever, since the covariant spectator quark model predicts
that A3/2 = 0 for the γ
∗N → D13(1520) transition, we
explore the possibility of improving our estimations in-
cluding a meson cloud parametrization of that amplitude.
We recall that the proposed parametrization for the me-
son cloud contribution has a very slow falloff (large cutoff
Λ24), which is more typical of a valence quark contribution
than from a meson cloud effect contribution. The inclu-
sion of a parametrization of the amplitude A3/2 allows a
much better description of the data for intermediate Q2,
although for much larger Q2 (Q2 > 5 GeV2), the models
with A3/2 = 0 and A3/2 6= 0 are very similar.
To facilitate the comparison with future experimental
data at high Q2, we present also simple parametrizations
of the amplitudes A1/2 and A3/2 for the different tran-
sitions, compatible with the expected falloff at high Q2:
A1/2 ∝ 1/Q3, A3/2 ∝ 1/Q5. The exception to the previ-
ous rules is the amplitude A1/2 for the γ
∗N → S31(1620)
transition, where we predict a falloff faster than 1/Q3.
Summarizing, we present predictions for the [70, 1−]
amplitudes in the region Q2 > 2 GeV2, where we can
expect a dominance of the valence quark degrees of free-
dom. Nevertheless the meson cloud contributions may
still be important for some electromagnetic transitions.
In addition we present parametrizations for the region
Q2 ≈ 5 GeV2, or larger, that can be tested in the future
JLab-12 GeV upgrade.
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Appendix A: New parametrization for the S11(1535)
amplitudes
The S11 system and the γ∗N → S11(1535) transition
were studied in Ref. [28] within the covariant spectator
quark model formalism. In that paper it was assumed
that the diquark was pointlike. If we use a more detailed
treatment, where nonpointlike diquark states are consid-
ered, following the formalism of Ref. [29], one has to cor-
rect the normalization factor from N = 1
2
to N = 1√
2
,
reducing the first estimate by a factor 1/
√
2. The final
expression for the Dirac form factor F ∗1 is then
F ∗1 =
√
2
3
(f1+ + 2f1−τ3) IS11. (A1)
Another aspect that can be improved in the model
from Ref. [28] is the low Q2 region dependence of the
form factors. In the model from Ref. [28], the nucleon
and the S11 states were not strictly orthogonal therefore
the model failed near Q2 = 0, because IS11(0) 6= 0 and
A1/2(0) → ∞. The exact orthogonality between those
states demands IS11(0) = 0. We can fix that problem
redefining the radial wave function in order to obtain
IS11(0) = 0. The price to pay is the introduction of a
new parameter in the radial wave function ψS11, which
can be fixed by a fit to the data, as explained next. The
same procedure was used in Ref. [29] for the D13(1520)
wave function.
We note however that even in the present case, where
the model is valid near Q2 = 0, we cannot expect a very
good agreement between model and experimental data at
low Q2, because the meson cloud effects are not included.
1. Imposing the orthogonality between states
In general, in the covariant spectator quark model the
radial wave functions can be expressed in terms of the
variable (P − k)2, where P and k are respectively the
baryon and the diquark momenta, because the baryon
and the diquark are both on-mass-shell. The dependence
in the momenta can then be represented using the dimen-
sionless variable
χ =
(MB −mD)2 − (P − k)2
MBmD
, (A2)
where MB and mD are respectively the baryon and di-
quark masses.
In that case the nucleon wave function is defined as
ψN (P, k) =
N0
mD(β1 + χ)(β2 + χ)
, (A3)
where N0 is a normalization constant and β1, β2 are pa-
rameters determined in Ref. [27] by a fit to the nucleon
form factor data (model II). The numerical values are
β1 = 0.049 and β2 = 0.717. As β2 > β1, β1 parametrizes
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the long range region and β2 the short range region, in
the coordinate space.
The overlap integral (4.2) includes also the S11 radial
wave function. In Ref. [28] we define ψS11 by the same
expression given for the nucleon by Eq. (A3), except for
the momentum and mass of the baryon. The problem of
that choice is that the integral IS11(0) does not vanish,
except in the case MS = M (nucleon and S11 with the
same mass). The reason why IS11(0) 6= 0, unless MS =
M , is because S11 and the nucleon cannot be at rest in
the same frame. See Ref. [28] for a complete discussion.
We can avoid that problem, defining ψS11 in order to
be orthogonal to the nucleon. We consider then the form
ψS11(P, k) =
N1
mD(β2 + χ)
[
1
β1 + χ
− λS11
β3 + χ
]
, (A4)
where β3 is a new parameter and N1 is a new normal-
ization constant. λS11 is a parameter that can be fixed,
once β3 is known by the orthogonality condition
IS11(0) = 0. (A5)
The free parameter β3 can be determined by the fit to
the high Q2 data from the γ∗N → S11(1535) transition.
The normalization conditions are∫
k
|ψN (P¯ , k)|2 = 1,
∫
k
|ψS11(P¯ , k)|2 = 1, (A6)
where P¯ represents in each case the baryon momentum
at the baryon rest frame.
2. Fit to the data
In order to extend the application of the model for
the S11(1535) state, also to the low Q
2 regime, we fit
Eq. (A1) to the form factor data. The only adjustable
parameter available is the value of β3 in the ψS11 radial
wave function, included in the integral IS11. As we are
taking into account only the valence quark degrees of
freedom, we cannot expect a good agreement for small
Q2, therefore we fit only the high Q2 data. We consider
therefore only the data with Q2 > 1.5 GeV2.
Our database includes the data from CLAS [44] (Q2 =
0.3–4.2 GeV2) and from JLab/Hall C [45] (Q2 = 5.4, 7.0
GeV2). The data from Hall C [45], include only the am-
plitude A1/2, assumes that S1/2 is very small, and has
very small errorbars. In the fit we double the errorbars
from Hall C in order to avoid a high weight from the Hall
C data.
The best fit is obtained for β3 = 0.540. The results
for the form factor F ∗1 are presented in Fig. 6, compared
with the data mentioned previously, and the data from
the MAID analysis [51, 52]. In the same figure we show
also the results from the valence quark contributions for
the Pauli form factor F ∗2 . We recall that in that case the
experimental data (not shown in the graph) is consis-
tent with zero for Q2 > 1.5 GeV2. Although one cannot
compare directly our model for F ∗2 with the data due to
the lack of meson cloud effects we can compare it with
other estimates of the quark core effects. In the graph
for F ∗2 we present therefore the estimate of the bare core
effects given by the EBAC/JLab model [43]. The EBAC
model is a coupled-channel reaction model that takes into
account the meson and photon coupling with the baryon
cores. The result presented in the graph is obtained when
the meson cloud effects are removed. As we can see in
the graph our results for F ∗2 are very close to the EBAC
estimates. That result is remarkable, since no fit relative
to the function F ∗2 was considered.
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FIG. 6: γ∗N → N∗(1535) form factors. Data from CLAS [44]
and JLab/Hall C [45]. The EBAC calculations are from Ref. [43].
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